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COOIJllGOF A DCXIBLE-ROWRADIALENGINEBY WATER IIWECTION

To THEnmIvlmAL cYLTNnEm

By LouisL. Monroe and HaroldX. IYIedman

An inJeotim system-t supplieswater
a double-rowradialenginewas testealin the
tunnelas part of a generaiinvestigationof

to”eaoh cylinderof
CWve landaltitudewind
the power-plantinstall-

ationof a four-engineheavybomber. The te~tswere concludedto
determinethe effectivenessof water In,jectlonIn coolingthe engine
duringtab -off. A methodof inJectionwas devisedby uw+neof
whichthe samequantityof water couldbe meteredto eaoh of the
enginecylinders.

The lnJectionof 500 poundsof water at the take-offpower
conditionreducedthe max,lmummeasuredefiust-valve-seattempera-
ture 64° F and the maxhun epark-@u&gasket temperature550 F.
Flighttestsof thismethodof lnJectionresultedin cylinder-head
temperaturereducticmssimilarto thoseobtainedIn the wind tumnel.
Theeereduotlansweremore uniformthan thoseobtained
in whichwaterwas lnJectedaheadof the engine-driven

INTRomcmolw

with a eyetam
superohmrger.

r Coolingdifficultieswere encounteredwith the four-.englneheavy
bcmiberduringtake-offunderAmy aumer air ccmditione}partloularly
at hi@ woss weightswhen longtake-offand transitionrunewere
regulred. The oyllnder-head-temperature llmitsspeolfiedby the
manufacturer for the double-rowrad181 engineh the bauber.were
reachedduringSOUnd-runningpriortd tdke-off-and were exoeeded
In the take-off. basmuch as operationat temperaturesthat
exceededthe specified llmltsresultedin enginefailuresowingto
warpingof the erhauat-valveseats)additland coolingwas needed
at Iihlsoritioalc~ltion. Coolingby means qf waterwould
probably most adequatelyprovidethe requiredreductionin temperature.
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The resultsof water-id~eetiontestsmumiuotedIn the Cleve-
landaltitudewind tungelae a part of an exten8iveInvestigation
of the bcauberpower-plant-installationrequested by the Anuy Air
Forces,Air TeohuioalSertioeCca&kl, are reportedherein. The
in~eotlonsystemtestedwas deeignedto meter an equalquantityof
waterto all cylindersby the inJeotlonof watar througha nozzle
InsertedIn the prtier bole of eaoh cylluder. UniformityIn metering
was necessaryinasmuchas thb hottestcyllndersvariedwith engine
powerand with differentdouble-rowradialengines.

Fllghttestswore also conductedon the four-engineheavybomber
by the BoeingAircraftCompanyat SeattleIn orderto checkthe wlnd-
tunneltestresults.

IESCRIPTIONOF APPAIWIXJS

The vtid-tunnelInstallationof the enginein the rightinboard
naoelleis shownIn figure1. The engine(fig.2) Is an 18-cylinder,
double-row,radialenginewith a nomnalratingof 2000brakehorse-
powerat an enginespeedof 2400rpm and a take-offratingof
2200brakehorsepowerat an engineepeedof 2600rpm. The amgineis
equippedwith a single-stagege=-driven supercharger,two turbo-
Superchargers,and a four-bladedpropeller. The propellerIs 16 feet
and 7 inchesIn diameterand rotatesat 0.35 enginespeed.

liACAhdlvldual-CylinderWater-In~ectionSystem

The NACA Individual-cylinderwater-lnJectioneystemused in
the wti-tunnel testsconsistedof a distributionmanifoldextmndlng
aroundthe peripheryof the engine,nozzlesinsertedin the primer
holesof each cylinder,and medium-pressureairorafthosesconnecti~
nozzlesto the manifold. The installationof the systemon the engine
in the airplanenacellela slmwnin figures3 and 4 and the methodof
tijectlonIntothe Intake-valveprimerport of a cylinderis shuwn
In figure5.

The oiroularwater-dlatrlbutlonmanifold(fig.6) was fabrl-
oatedfran four segementeof l-inchoutside-diameterstainless-
steeltubing. The nozzleswuremade frcunshortlengthsof l/8-inch
outside-diametertubi~ silver-solderedIntoaircraftfittingsas
shownh figure7. All of the nozzleorulces were 0.0225Inch
h diameterexobptthe orificeIn oyllnder18, whichwas 0.031Inch
in diameter. A front-rowand a rear-rowhose and nozzleassembly
are shownin fl@re 8. .

. .. .
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Inatrumen*&tlon

.. . - Cylinder-headtcmperature~s?ere.measured..on.all oylindera-
with skndard rear-sp&k-plug-gaeketthermocouples.Exha@-valve-
aeatand exhaust-valw+~ldetemgeratureewere alsomeasuredon
severalrepresentativecylinders.As shownin figure9, the”
exhauat-valve-seatthermocouplewas looatedapproximately1/8 @oh
frau--thevalve-seatface and 1/8 inohfrau the wall of the‘combus-
tion chambercm a line ~oini~ the rentersof the.exhaustvalveand
the rear sparkplug. The exhaust-valve-guidethermocouple touohed
the guide bushing approximately 1/2 inch fmnnthe bottcunof the
guide (fig. 9), !t!hecooling-air temperatures were measured by two
thermocouplesin the cowl inlet. All temperatureswere reoorded on
self-balancingpotentiometers.

Fuel flow and waterflowweremeasuredby mllbrated rotsmeters.
The fuel”usedthroughoutthe testsconformedto speaifloatimAN-F-28
(grade100/130). The brakehorsepowerwas determinedby meansof a
torquemeterfurnlshodwith the engine. “

Tm’I’sArm METHOIM

The water-inJectiontestsweremade at normalrated&d take-
off poworsfor a rangoof cowl-flapdeflectione.atwater-injection
ratesof 0, 285, 335,and 500 poundsper hour. Comparativetests
weremadewith aid withoutwater in~ectionat approximatelythe
samoair temperature,preeaurealtitude,airspeed,engineeon.
ditions,and cowl-flapdefleotlonin oqderto pexmitdlreot-com.
parlsons, Datawere recordedwithoutwater inJectianafterall test
conditionshad stabilized;waterwas then inJeotedand data were
recorded after conditions had again stabilized.

Simulatedtake-offrunswith and withoutwater inJectionwere
also oonduotedby idlingthe etgineat a speedof 1000rpn until
oylinder-headtemperaturessta’billzedand thenacceleratingthe .
engineto take-offpoker in LOseconde. A summuy of test re-
nditionsla givenin tableI.

RESULTSAIVDDISCO’SSIOl!

“StabilizedConditions

All cylindertwnperatureswereadJustiedto a ref~enoe ambient .
temperatureat the odwl inletby apply- a oorreotionof 1° F for
eaohdegreeFahrenheit~latirm of the cuwl-inletair frcnuthe
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referenoetemperature.The oool~-air temperaturesof the teats
in whlohno waterwas I.njeokdWere arbitrarilyselectedas the
referenoetemperaturessThe correctionsto the cyllndar-head
temperaturesnever exceeded70 F.

The effectsof individual-oyliz&rwater inJectlonon the
oylinder-headtemperaturesmeasuredat exhaust-valveguides,rear
spark-pluggaskets,and exhaust-valveseatsare shownin figures10
end 11 for take-offand normalratedpower,res2ectlvely.The
greatesttemperaturereductionsocourredat the exhaust-valveseats.
Theseroductlonsvariedfor,thedifferentcylindersfrom 64° to
102°Fwlth a water-lnJe@lonflow of 500 poundsper hourat take-
off powerconditions. (Seefig. 10.) The avera~ valueof the
threeexhaust-valve-seattemperaturesmeasuredwas reduced88° F.
At normalratedpowerwith a water-inJectlonflow of 285 pounds
per hour,temperaturereductionsat the exhaust-valveseats-led
fYom52° to 82° F. (Seeflg. 11.) The hottestrear-apark-plug-
gaskettemperatureswere reduced55° F at take-offpowerand 36° F
at normalratedpower. The effectof water inJectlonon the exhaust-
valve-guidetmuperaturewas similarto that of reference1 in which
water inJectlondid not reducethe exhaust-valve=guldetempemhzre.

The temperature-reductionsobtainedwith Individual-cylinder
waten injectionwere fairlyuniformfor all cylindersat conditions
of both take-of~and normalnztedpowerdespitethe dlHBhl18r2t~
of the tem@rature patternsfor the two conditions. (Seefigs.10
and Ll~) This unlformreduotionin tempe?xituresindicatedreasonably
uniformwaterflow to all cylindersand also indicatedthatthe
waterdistributionwas not greatlyinfluencedby the enginepower
oondltlons.Becauseof the uniformwaterdistribution,It is
believedthat individual-cylirglerwater lnJection,in additionto
ooolingthe powerplantat take-off,can be extendedfor use at
war-enwrgencypowerratings.

When waterwas added,the rsductionein the maximumand avor~
rear-spark-plug-gaskettemperatureswere approximatelythe same,
as shownfor two powerconditionsin figure12. The temperature
spreadwith and withoutwater inJecticmwas approximately32° F at
take-offpowerand approximately58° F at normalrated power.

A few testswere”madeto ccnnparethe effectivenessof the
oowlflapswith and withoutwater inJecticm.Cowl-flapeffective-
ness AT/5f is definedas the ohangein cylinder-headtemperature
for a unit ohangein cowl-flapdeflection.The results,shownin
figure13, indicatedthat the oowlflapswere equallyeffeotivewith
emd withoutwater inJectian.

Duringseveraltestsa few inJectlonnozzlesologgedbecause
of dirt or chipsin the water Wstem. Foulingof the nozzlesm



HACA MR No. X5627 J

be molded by using adequate fllter~ng equlpmaut to prevemt dirt
or foreign matterfran enter- the wa:p.r,.1=8 W.Qo??lg!s●.. , .-----... .- ‘-... .---

S*hnulatedTake-OtfConditirms

The resultsof the simulatedtake-offruneat take-offpower
for a 3-mtiuteperiodare presqntsdh fi@um 14. The 3-minute
periodchosenrepresentsa reascciabletimefor a take-offand “
transitionrun. The testsIndioatedthat,after3 minuteswithout
water Qlection, the roar-spark-plug-gasketten@matures Mid risen
40° F and were still steadiQ rising. With water iqlectl~, hw-
over,the temperaturesrose for approximately50 secondsthen
dropped. At the end of 3 minuteswith a-Water-lnjectfanflow of
500 poundsper hour,rear-spark-plug-~skettemperatureswere

——

5!5°F
would
which

lower when cc&reotedto the myne Initialconditionsthan they
have”beenwithoutwater It@ctlon. The tunnelairspeedsat
theeetestewere mnducted also are givenIn figure14.

Applicationto Fllght

In orderto checkthe resultsof the individual-cylinder
water-lnjectlontesteobtainedin the Clevelandaltitudewind “
tunnel,fllghttestswere conductedat Seattlean a four-engine
heavybomberby the manufacturer.(Seereference2.] In$ection
nozzles with !3.025-inoh-diameterorificeswere installedin all
cylinders.A summa~ of the flight-testconditionsIs givenin
tableH.

Stabilizedtemperaturetestsumre made similarto thoseeon- .
ductedh t@ wind tunnel. Take-offand cllmbt’estswere also
made with and withoutwater ti~octlon.

lkmidentalto tho teeteof the Indlvldual-oylinderwatW-
Injeotionsystem,a camparlsanwas made with anothersystem,In
whiohwatsrwas inJectedIntothe diffuserJustahosdof ‘tho
engine-drivensuperchargerand distributedto the cylinderswith
the fuel and duarge-alrmixture. Thiomethd will be refereedto
as “supercharger-Inletinjection.”

The fllght-testresultsshowingthe effeotsof HACA Individual- .
cyllndurwatqr inJectionend supercharger-inletlnJeotbn nonrear-
spark-plug-gaskettemperaturesare presentedIn figures15 to 17
for take-offand normalratedpowers. The resultsare In Agreement
with wind-tunneltest results. At take-offpowerand an engine
speedof 2600zqyu(f@. 15),the maximumrear-spark-plug-gasket

9

.—- —.- .-—. — —— .-.
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tomporaturewas reduced78°F ~ the flightteatswith the WCA
system as compe.redwith 55° F h the wind-tunneltests;however,
approxlmatdly10 percentmore waterwqs used in flight.

Th& rosultaof superc~rmr-tilet iqlectlontestswerenot so
satlsfaotmyas thosewj.thlndl~idwl-cylitierwater inJection.At
take-offpowertho maximumrear-spark-plug-gmkettemperaturewas
reduced only 36° F with superch=ger-inletlnJectlonas cnmpered
with 78° Fwlth tho NACA Individual-cylitiersys@m (fig.15).

The t~mporaturareductionsobtainedwith supercharger-inlet
inJectionwwe not unifcrm. At take-offpower,as shmn in :i8-
ure 1.5,supcrchargor-inlatinjactlondecreas(~dthe tem2aratureof
somec~llndersoiilya f6w degrees,whereasothersvero rc]duced
approximately75° F. The data In figures15 to 17 haveteen
replottodin figures18 to 20 In orderto comparethe mazimum,
averag:j,ad minimuutenquraturerductions obtainedfo~ the two
Injuctlontiystems.The r,~intiuontem~~raturereductiono~tati~gdat
take-offpowerwith ind~vldual-oylinderwater Li.isctionwas 62° F
and tho =xtium reductha wa~ 9@ F, n s?retiof-280F. (See
fig. 10(a).) The m?nhm~ temperaturero5L:ctlono%ta’ine3with
superchargym-inlattnJoctmn waq 6° 3’and the maxkum reduction
was 90° F, a spreadof t?4°F. Sfmi]aZy} tho srr~x~dswtire26° F
75° F at take-offpowarat an en@n~ speedof 28C!Irpm =id 4(P F
and ‘/0°F at normalratedpowerfor tho Ihdlvld.-l-cylil.iicrand
supurc~~r-tilet tnj~~ti~s, rosP~ctivulY(fi~s,19 eIJd 20).
Theseresultsindioateappreciablybetterwaherdifltrilmtionto
the differentcyllndorswhen usingtho l?ACAindi~idual-cylinder

and

jnJectionsystemthanwhen usingthe supercharger-lnlotlnJection
system.

The variationIn maximumrear-spnrk-plug-~skettemperature
withoutIndividual-cylinderwater in~octicmand with water lnJected
at tho rate of approximately 5(N poundsper hour is ginm in
flguras21 and 22 for two take-offand cllnhteats. Tho nuxximmm
tem~eratureafteru l/2-hoursteadyollmbat take-offpoworwas
101 F lowerthan in a t~st ln whichno waterwas added. (See
fig. 2i.) Similarly for a steadyclimbto 30,000feet at normal
ratedpower (fig.22\, the maximumtemperaturewith water lnJec-
tlonwas 92° F lowerthan In a cllmbin whichno waterwas added. -

SUMMARYOF RESJLTS

The followingresultswore obtatiedfrom tests of a wator-
inJectlonsystemon a double-rowradialengineIn a four-engine
h~vy bombert
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10 Englnc-oyllndertemperatureswere
lnJootionthroughthe Intake-valveprimer

7

greatlyreducedby water
holesof each oyllnder.

At-take-off power,the m&zlmumrear-spark-plug~gasket,temperature
wzm reduoodapproximately55° R with a water-lnJeotionflow of
500 poundsper hour and the maximumexhaust-valve-seattemperature
measuredwas reducedapproxlmtely64° F.

2. Temperaturereductionsobtainedwith NACA lndividual-
oylinderwater InJoctionwere fairlyuniformfor all oyllnderti.“

3. Resultsof flighttestsof the Individual-oylinderwater-
lnJeotlon~ystsmshowedoloeeagreementwith the resultsof wind-
tunneltestsand demonstratedthe practicabilityof the Instal*
I.ationin tho airplaneIf adaquateprecautionIS takenduring
installationto preventfoulingof the lnJwthn nozzles.

4. A ccnnparlsonof the resultsof two water-inJ9cthnsystems
teBtedIndlcatudthat-~eaterand considcmablymore uniformcyllnder-
he.ad-temperaturereductionswere obtainedwith the lndividual-
cylhdor water-lnJectlonsystemthanwith a systemin whichwater
was inJectedIntotha diffuser$mt aheadof the engine-driven
sup6r&mrger.

AlroraftEngineResearchLaboratory,
~atinnalAdvisoryCommittoefor Aeronautics,

Cluveland,Ohio,February27, 1945,

1. Rothrock,AddisonM., Krsek,A1oIs, Jr., and Jones,AnthonyW.:
SummaryReporton the Inductionof Waterto the IiiletAir As
a Means of fitwnal Coollngin AlroraftlhglneCyUnders.
li&KA~, Aug. 1942.

2. HO@dm3, JosephD.: Fli@ Test of B-25 EngineCoolingwith
Seveml Water ~eotion Systems. Modo.1XB-29..Rep. Ho. D-6107,
Boeing.AlroraftCO., -O. 30, 1S44.

. .



TABLEI - SUMMARYOF CONDITIONSFOR ALTITUIIE-WIND-TUNKIZLTIKIl!SOF

FOUR-ENGINEHEAVYBCMBERPOWR-PIMT UWTAILATION

..— ...—. —-—--— ---- —- 4w..... ——

~ DataiEngln&Brake~Brake:hi-; TotaliSpecif- IFUOb~ CCWl- ~TUWj -~ ; water “

: In !speedImoa .;horse-foldIfuel 1ic fuel air Iflap

I
:pres- Stroamminfsc-

1 fig-’(rPm) @ff3c<power:abso;flow Icomump- ratloldcflcc-~suro idymq tlon
~~ ! .tive . i lute!(lb/!tl~ I ;tiou !alti- tIc !rate

I

._ ~ -pi!!q
10 2600 200
10 2600. 200
11 , 2400~ 197
11 ~ 2400 I 197
13 i 2600 , 200

I
13 I 2600 200
13 ; 2600 200

L
13
13
13
14
14
14

2600‘
2600
2600
2600
2600
2600

.—.

2200
2000
2000

2200
2200

, 22002C0
200 ~ 2200
200 I 2200
2oi) 2200
200 2200
200 2200

50.0 i L7W

50.0!1700
45.4 1450
45.5 1450
50.0 1700
50.0 1700

I50.0,1700
50.0I1700
50.0

50.0
50.0
50.0
50.0

1700
1700
1680
1690
1690

Q,778
.773
.725
.725
.773
.773
,773
.773
“773
.773
,773
,773
.773—- —--—

0.104 12.0
.10(+12.0
.10-’

i

12.0
●10 12.0
.10 12.0
.1
3

12.3
.10 16.0
.lO~ “16.0
.10

!

26.0
.10 26.0
.10 12.0

_;&l&

“4000
4000
4000
4000
40C0

4000
4Cloo
40Q0
4000
4600
4600
4600

310~
31.1
36.7
39.6
30.7
31.0
30.6
30.5
30.4
3C.9
35.0
34.0
33.0

cowl-.
inlet
tam2t3r-
ature
(%)

~

500 I 37

01::285
040

335 : 38
0133

335 I 33
0 I 35

335 37
0 69

I335 74
500 80

,
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$31N3
n
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M
15
15
16
16
16
17
17
17

262@
2625
2610
2810
2810
2810
2400
2410
2415

TABLEII - ~Y OF CONDITIONSNUR FUGHT 5’IS OX M:EHGII+E HEAVY

3imk13

&ec-
tilm

p?ee-
3um

[lb/sq
in.)

K
202
200
186
188
187
197
197
197

2230
2240
2210
2210
2230
2230
2000
2010
201.5

IMull- Total
fold fuel

Iabeo-flow
lute (~rf
pres-

1
:5 I

I47.8 1675
49.4 1740
48.7 1770
48.1 1725
49.7 1810
48.9 1820
#.3 11480
44.5 1530

I44.8 1550

‘Super_er-inlet Injeotion

syeoif-
lCfuel
Ooneunrp-
tlon
(l#hp-

R’uel cowl-

air flap
ratiodeflec-

tlon
(deg)

T%i-kk-
.777
.802
.781
.812
.820
,740
.762
.769

.106! 12,0

.110 12.0

.107 12.0

.111 12.0
●112 12.0
.105 1.2.O
.108 12.0
.108 Ia.o

klti -

tude
(ft)

5700
5710
5725
5700
5830
5710
5715
571.5
5605

~ater-Inai-
lnjeo- Oated
;ion alr-
?ate speed
:lb( (mph)

0 196
640 I-26
420 196
0 196

500 196
420 197
0 197

464 186
390 197

out-

side:
air
tern-,
pera-

?;

G
56.0”
56.5:
55.0’
56.0~
57.0
51.0
52.5
57.0
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.nJec-
;Ion
~atem
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Figure1. - ~ont viewof altltude-win~-tunnelinstallationof double-mu mdlal engine
IIIright inboardnacelle.Productionconfiguration.
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- Rrontview of double-rowradial englm.
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Distribut
manifold-

Figure3. - Installation of water-distributionmanifold and
connection on double-row radial engine In nacelle for
l?ACAIndividual-cylinderwater-inJectlonsystem.
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F@re 4. - In6tallatlonof NACA individual-cyllnderwater-lnJectionsystem on double-row
radial engine in four-engineheavybomber.
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FlguIw 7. - Sketch of Iqjectlonnozzle used in water-injectiontests of double-rowradial
engine in bomber power-plantInstallation.

–,



Figure8. - Hoseand injection-nozzleassemblies for double-rowradial engine.
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Figure9. - Looatlonof cylinder-headthermocouplesInstalledIn
double-~ radialenginecylinder.
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Cylinder

(a) Take-off power: brak horsepower, 2200; engine speed, 2600 rpm;
inJection rate, 500 pounds per hour.

Figure 10. - Effect of NACA Individual-cylinderwater inJection on
cylinder-head temperatures in wind-tunnel tests of double-row radial
engine. (-shed lines between data points Indioate that teqm?ature
masuremsnts were not takenon the interveningcylinders.)
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(b) liomalmted power: brakehorsepower,2000;enginespeed,2400 rw;
injection rate,285 poundsper hour.

Figure10. - Concluded.



I NATIOMAL ADV lS@Y I I I
COMMITTEE FOR AERONAUT ICS

Sog I ■

u

480

460 ~ \ \

440, \

420 , \

I

400 ‘

880 ‘

L

500

480

460

440

420

400

380

[
1aximu m

\

L

Av6rage

\

o 100 200 300 400 500 0 100 200 300
Water-injectionrate,lb~
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2200;enginespeed, 2600 rpm. power, 2000; engine speed, 2400 rpm.

Figtuw 11. - Effect of NACA individual-cylinderwater injection on the average and maximum
rear-bpark-plug-gaskettemperaturesduring wind-tunnel tests of double-rowradial engine
at take-off and normal rated powers.
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Figure 12. - Effect of NACA Individual-cylinderwater lnJection
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